R espiratory syncytial virus (RSV) is one of the most common respiratory viruses in cancer patients. [1] [2] [3] [4] The reported incidence of RSV infection in adult hematopoietic stem cell transplant (HSCT) recipients and in patients with hematologic malignancies varies from 5% to 10%. 3, [5] [6] [7] RSV infection may present as upper respiratory tract infections (URI), such as pharyngitis or laryngitis, or a potentially fatal lower respiratory tract infections, such as tracheobronchitis, bronchiolitis, or pneumonia. [1] [2] [3] Up to 80% of RSV-associated URI in HSCT recipients and patients with hematologic malignancies may progress to lower respiratory tract infections, and the risk of progression is particularly great among severely myelosuppressed patients with lymphocytopenia. 1, 3, 5, 8 Previous reports of RSV pneumonia in HSCT recipients have described mortality rates ranging from 5% to 100%, 5, 6, [9] [10] [11] with conflicting reports on the use of antiviral therapy against this infection.
1,2,12-15 Recently, the first study in HSCT recipients that evaluated in a randomized, controlled fashion the role and safety of preemptive aerosolized ribavirin for preventing the progression of RSV URIs to pneumonia was terminated prematurely because of slow patient accrual over 5 years at three clinical sites, 16 reflecting the difficulty to carry such studies through to completion.
There is a paucity of literature about RSV infection in patients with leukemia who are not HSCT recipients (hereafter referred to as simply leukemia patients). 8, [17] [18] [19] The few studies reported to date suggest that the epidemiology, clinical course, and response to therapy for RSV infection in leukemia patients mirror the findings in HSCT recipients. 8, 17 In leukemia patients, RSV seems to be a frequent cause of life-threatening infection, particularly among elderly patients, and to be associated with persistent myelosuppression, comorbidities, high APACHE II score, and pneumonia. 8, 17 However, treating all leukemia patients with RSV infection is not reasonable, given the cost, safety profile and discomfort of ribavirin administration. To determine the characteristics and outcome of RSV infection in leukemia patients, we reviewed the records of all leukemia patients with such an infection seen at our institution between October 2000 and March 2005.
Design and Methods

Study design
Cases of RSV infection were identified by searching the microbiology laboratory and the infection control databases at the University of Texas, M.D. Anderson Cancer Center for patients evaluated between October 2000 and March 2005. The institutional review board approved the study, informed consent was waived, and patients' confidentiality was protected. The following information was abstracted from the patients' records: demographics details; the underlying leukemia; other conditions predisposing to infection, such as diabetes mellitus and chronic pulmonary disease; treatment with corticosteroids, chemotherapy, and radiotherapy; concomitant infections; and prior infections occurring within 4 weeks before the onset of RSV infection.
Specimen collection and laboratory procedures
Respiratory specimens (e.g., nasal wash specimens, bronchoalveolar lavage fluid) were collected from patients presenting with symptoms of respiratory infection. Respiratory specimens collected were examined at our microbiology laboratory. In brief, respiratory samples (5-10 mL) were collected in normal saline and placed in 5 mL of M4 transport medium (Remal, Lenexa, KS, USA). Each 5 mL specimen was adjusted to contain 0.5% bovine albumin, 100 µg of gentamicin, 1,000 IU of penicillin, 1,000 µg of streptomycin, and 2.5 µg of amphotericin B per mL final concentration (Gibco/Invitrogen, Carlsbad, CA, USA) and kept at 2°C to 6°C for 1 hour. Samples (0.2 mL each) were then inoculated into two tubes each containing the following tissue culture cell lines: human foreskin fibroblasts, Hep-2 larynx carcinoma, primary rhesus monkey kidney, and A549 human lung carcinoma. In addition, mink-lung/A549 mixed shell vials, African green monkey kidney/human embryonic lung fibroblast mixed shell vials, or MRC5 vials (Diagnostic Hybrids, Inc., Athens, OH, USA) were inoculated with 0.2 mL each of the specimen after this latter had been warmed at 35-C in a non-CO2 incubator for 2 to 4 hours. This was followed by a centrifugation step lasting up to 1 hour. The first reading of the shell vials was made between 15 and 24 hours, and the final reading was done at 48 hours. The shell vials were discarded if they were negative at 48 hours. All tubes and vials were read and developed at appropriate times and confirmed using immunofluorescent staining. Hemadsorption studies were performed on days 2, 5, and 7. Both pooled and individual reagents were used containing monoclonal antibodies to RSV, adenovirus, rhinovirus, influenza A, influenza B, and parainfluenzae 1-4 (Light Diagnostics 3105 and 3108, Chemicon International, Temecula, CA, USA). Direct fluorescent antibody tests were performed to detect RSV and influenza antigens in samples (Light Diagnostics/ Simulfluor RSV/FluA 3129, Chemicon International).
1 Sixty-one percent of the direct samples were also cultured.
Definitions
RSV-associated URI was defined as rhinorrhea, nasal or sinus congestion, or cough without hypoxemia or infiltrates on chest radiography or chest computed tomography in a patient with RSV isolated in a specimen from the upper respiratory tract (e.g., nasal wash specimen, throat swab). RSV-associated pneumonia was defined as a clinical and radiographic presentation © F e r r a t a S t o r t i F o u n d a t i o n compatible with viral pneumonia in a patient with RSV recovered from a bronchoalveolar lavage fluid, sputum, or tracheal aspirate sample. Chest radiography and chest computed tomography were performed in 96% of patients who tested positive for RSV and in all patients with clinical signs and symptoms suggestive of pneumonia. Neutropenia was defined as <500 neutrophils/mm 3 and lymphocytopenia as <1,000 lymphocytes/mm 3 .
Therapy and outcome
Antiviral therapy was instituted at the discretion of the treating physician. Aerosolized ribavirin was administered at a daily dose of 6g and delivered at a concentration of 20 mg/mL for 18 hours per day by a small-particle aerosol generator unit (SPAG-2) via a face mask inside a scavenging tent to prevent environmental contamination. A split, intermittent dosing schedule was also used in some patients with RSV infection. With intermittent dosing, the daily dose of ribavirin was the same as that with the continuous schedule (6 g/day), but the concentration was 60 mg/mL given over 2 to 3 hours every 8 hours. Ribavirin was given either alone or combined with intravenous immunoglobulin (IVIG) or palivizumab. IVIG was administered at a dose of 500 mg/kg every other day for the duration of the ribavirin therapy. Palivizumab was administered as a single intravenous infusion of 15 mg/kg.
It is generally accepted that the first step in RSV replication is attachment of the viral particle to the nasal epithelium, and then the infection progresses down into the lower respiratory tract and causes pneumonia, particularly in immunocompromised patients. 20 Based on that, patients in our series who were initially seen with RSV pneumonia were considered to have had an URI before seeking medical attention. Response to ribavirin therapy was defined as complete resolution of clinical and radiologic manifestations of RSV infection. Response to therapy was assessed if ribavirin was administered for at least 48 hours. Patients were followed until resolution of all signs and symptoms of infection or death. Fatal outcome was assessed at 30 days after the diagnosis of RSV infection. RSV was considered a contributory cause of death if there was evidence of persistent or progressive RSV infection at the time of death. Co-infections in patients with RSV infection were considered potential contributory causes of death.
Statistical methods
The two primary end-points of the study were: (i) progression to pneumonia, (ii) mortality at 30 days of RSV infection. The significance of all the predictors for these outcomes was assessed in univariate analysis using Fisher's exact test or the χ 2 test, when appropriate. All variables with p≤0.1 on univariate analysis, and/or considered clinically relevant were included in multivariate logistic regression models. Odds ratios and 95% confidence intervals were calculated. Survival analysis on progression to pneumonia was performed for the patients who presented to our center with RSV URI. The patients were followed up for 30 days from the onset of the URI. The overall survival probability of progression to pneumonia was estimated by the Kaplan-Meier approach for the patients who were treated with ribavirin and those not treated with ribavirin, respectively, and were compared by a log-rank test. All data was analyzed using statistical analysis system (SAS) version 9.1 (SAS Institute Inc., Cary, NC, USA). Two-tailed p values of < 0.05 were considered statistically significant for this analysis.
Results
Fifty-two patients with leukemia and RSV infection were identified. The incidence of RSV infection in leukemia patients increased during the study period. This finding was likely secondary to the increased number of patients tested for RSV infection during that period. The median age of the patients was 47 years (range, 1-83 years). Most of them (n=34; 65%) were male. The patients' clinical characteristics are listed in Table 1 . Thirty-four patients (65%) had acute leukemia. Forty-five patients (87%) were admitted to our hospital. The seven non-admitted patients were 
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mildly symptomatic (six patients) or admitted to another center (one patient). None of them received RSV-directed therapy. Twenty-four patients (46%) had received salvage chemotherapy and 32 (62%) were receiving corticosteroids before the onset of RSV infection. The most common presenting symptoms were cough (45 patients; 87%), fever (44 patients; 85%), runny nose (32 patients; 62%), and nasal/sinus congestion (30 patients; 58%). Fourteen patients (27%) had gastrointestinal complaints (e.g., nausea, vomiting, and diarrhea) at presentation. Co-infections at the time of the diagnosis of RSV infection were noted in nine patients (17%), five of these co-infections involved the lungs. Other respiratory viruses at the onset of the RSV infection were identified in two patients (both had a rhinovirus infection). Additionally, two more patients developed infection with other respiratory viruses within 30 days after the onset of the RSV infection (influenza A and adenovirus, in one patient each). Twenty-seven patients (52%) had pneumonia, and 25 (48%) had URI (Table 1) . Compared to the patients with URI, patients with pneumonia had a longer median duration of symptoms (9 vs 20 days), a longer median hospital stay (6 vs 12 days), a higher rate of intensive care (0% vs 26%), a higher median APACHE II score at the time of the first assessment at the hospital for respiratory symptoms (11 vs 16), a higher rate of corticosteroid treatment within the month preceding the RSV infection (48% vs. 74%), and a lower rate of ribavirin therapy during the early stage of infection (96% vs. 68%) (all p ≤ 0.05). There was a trend toward lymphocyte recovery being less common in patients with pneumonia than in those with URI (9 of 21 or 43% vs 15 of 22 or 68%, p=0.09) ( Table 2 ). Thirteen (48%) of the 27 patients with pneumonia presented to our center with URI and subsequently developed pneumonia as inpatients. Two (15%) of these 13 patients had received corticosteroid therapy prior to the onset of pneumonia, compared with five (20%) of the 25 patients who presented with URI and did not develop pneumonia (p= 1.0).
One of the nine patients in whom ribavirin therapy was administered at the URI stage of infection experienced progression to pneumonia, whereas 26 of the 43 patients who received no therapy or in whom therapy was not initiated during the URI stage of infection developed pneumonia (p=0.009, Table 2 ). On multiple logistic regression analysis, high APACHE II score and lack of ribavirin therapy were independent predictors of progression to pneumonia (p≤0.01) ( Table 2 ). In addition, there was a trend toward a higher rate of progression to pneumonia in males (74% vs 56%, p=0.08).
Twenty-four patients (46%) were treated with a ribavirin-based regimen, and five (10%) were treated with intravenous immunoglobulin alone. No patient received palivizumab alone. Twenty-three patients (44%) received no treatment (Table 3 ). The median duration of the ribavirin-based therapy was 7 days (range, 2 to 14 days), and the majority of patients (92%) received at least 4 days of such regimen. The rate of use of ribavirin-based therapy was relatively stable throughout the study period. The use of a ribavirin-based regimen seems to improve the outcome of patients with RSV pneumonia: one of 16 patients with RSV pneumonia who were treated with ribavirin died (at 30 days), compared with four of 11 patients with RSV pneumonia who were not treated with ribavirin (p=0.1) (Figure 1 ). In this subset of 
patients, treatment was given between 1 and 12 days after microbiological diagnosis (median, 1 day) and between 1 and 22 days after the onset of the first symptom (median, 6 days). The 30-day survival analysis on progression to pneumonia for patients who presented to our center with an URI was calculated according to the early use of a ribavirin-based regimen. Of the 38 patients initially seen with an URI, 13 developed pneumonia. No death occurred during that period. Only one patient developed pneumonia despite receiving ribavirin at the URI stage ( Figure 2 ). Five patients (10%) died within 30 days of RSV infection; all had pneumonia, and two had coinfections (influenza A infection in one and Enterococcus faecium bacteremia in the other). Autopsies were not performed on these patients. On univariate analysis, risk factors for mortality at 30 days were age ≥65 years, longer duration of symptoms before the diagnosis of RSV infection (14 days), APACHE II score > 15 at the time of the first assess- Multivariate analysis failed to show any significant risk factor for a fatal outcome.
Discussion
Several important conclusions can be drawn from this study, the largest to date analyzing RSV infection in leukemia patients. First, RSV infection is an important cause of morbidity and mortality among patients with leukemia. Second, many RSV infections resolve uneventfully without therapy. However, we identified a subset of leukemia patients who are at increased risk of progression to pneumonia. Third, the use of a ribavirin-based regimen may halt such progression and reduce mortality.
We identified several risk factors for progression to pneumonia, such as high APACHE II score at the time of the first evaluation for respiratory symptoms, persistent lymphocytopenia, and corticosteroid use within 1 month of the onset of RSV infection. There was a trend toward a higher rate of progression to pneumonia in males than females. In healthy children, the rate of hospitalization for RSV infection for boys is approximately twice that for girls, indicating that the disease may be more severe in males. 20 In leukemia patients, the highest frequency of progression to pneumonia has been reported in patients with chemotherapy-induced myelosuppression. 8 Once the neutrophil count recovers, these patients apparently have a better control of their RSV infections. 8 However, whether neutrophils themselves are important or are a surrogate marker for some other host defense mechanism is not known. 8 For example, neutropenic patients with leukemia have deficiencies in other host defense mechanisms, and most neutropenic patients with leukemia also have lymphocytopenia. 21 In our series, neutropenia was not significantly associated with progression to pneumonia, whereas persistent lymphocytopenia seemed to be related to such an event, in accordance with previous observations in HSCT recipients. 5 Additional risk factor for developing RSV pneumonia need to be identified in studies including larger numbers of leukemia patients.
Although we found that many RSV infections resolve uneventfully without therapy, we also found that certain subgroups of patients with RSV infection would benefit from treatment with antiviral therapy. Treating all leukemia patients with RSV-associated URIs would be impractical, given the cost and discomfort of ribavirin aerosol administration with its potentially serious side effects, and hazards to health care workers. 22 However, our findings indicate that in some subsets of leukemia patients at risk of developing pneumonia, such as males, patients with a high APACHE II score, patients with prolonged lymphocytopenia, or those who have recently used corticosteroids, pre-emptive therapy for URI should be considered to halt progression of pneumonia. Similarly, our data suggest that patients who have developed RSV pneumonia may still benefit from ribavirin therapy.
Non-randomized trials in HSCT recipients have shown that the use of aerosolized ribavirin plus IVIG is associated with more favorable outcomes than those seen previously in patients with RSV pneumonia, especially when treatment is initiated early during the infection. 1-4, 11, 13, 23, 24 In this population, the prompt use of such combination treatment resulted in a dramatic decrease in the overall mortality rate from 100% to less than 40%. 1, 2, 12, 13 However, some non-controlled studies suggest that ribavirin may not be necessary for treating RSV infection among HSCT recipients (mainly recipients of autologous transplants) because some RSV-infected patients, including patients with RSV pneumonia, have a good outcome without treatment. 14, 15, 25 The reasons for these discrepancies are poorly understood but are likely due to the immune status of the patient at the time of infection, or to differences in virulence between circulating RSV strains. In the first randomized, controlled trial in HSCT recipients, the use of ribavirin seemed to be associated with less clinically and virologically proven RSV pneumonia, as well as a decrease in RSV load in the respiratory tract. 16 These results were not, however, statistically significant, probably due to the small number of patients evaluated (n=14).
Likewise, there have been conflicting results from studies of aerosolized ribavirin in leukemia patients. 7, 8, 15, 19 Most of these studies suffer from relatively small sample size (< 20 patients). Abdallah et al. reported on five patients with leukemia who developed RSV patients who were treated with ribavarin patients who were not treated with ribavarin © F e r r a t a S t o r t i F o u n d a t i o n infection (pneumonia in four). None of them received ribavirin therapy, and they all survived. 15 In contrast, previous data on leukemia patients with RSV pneumonia seen at our center suggest that prompt therapy with aerosolized ribavirin and IVIG at an early stage of pneumonia is associated with improved outcomes. 8 Specifically, none of eight patients in whom therapy was initiated more than 24 hours prior to intubation died, whereas the mortality rate was 89% among patients who received no therapy (n = 3), began therapy after the onset of respiratory failure (n = 4), or were unable to tolerate the therapy (n = 2). 8 In the current study, we assessed a sizeable number of patients with leukemia (n=52), and we found that therapy for RSV URI might have prevented progression to pneumonia and might improve outcome. One of the nine patients in whom ribavirin therapy was initiated during the URI stage of infection experienced progression to pneumonia, and none had died by 30 days. In contrast, 26 of the 43 patients who received no therapy or in whom therapy was not initiated during the URI stage of infection developed pneumonia, and five died. On the other hand, in a subset analysis of patients who presented to our center with RSV URI only, we still found a trend in progression to pneumonia in patients who did not receive therapy with aerosolized ribavirin (Figure 2) .
Ribavirin is often combined with IVIG or high-titer RSV immunoglobulins for therapy in HSCT recipients. 11, 26 In addition, palivizumab, a RSV-specific monoclonal antibody, has become available for prophylaxis of RSV infection in patients at risk, and some physicians are using it in combination with ribavirin, primarily in HSCT recipients. 27 The benefit of combining aerosolized ribavirin with IVIG in leukemia recipients remains to be elucidated in prospective controlled clinical trials, as does the benefit of using standard IVIG preparations rather than antibody preparations containing high titers of RSVneutralizing antibody or RSV-specific monoclonal antibody. 24, 27 Our data should be interpreted with caution because of the retrospective nature of our study. It is possible that our data underestimate true RSV-related morbidity and mortality, particularly among patients who did not seek medical attention for minimal respiratory symptoms. A quantitative assay could have more value for detecting RSV in respiratory specimens and evaluating the efficacy of antiviral therapy. 16 There were no definite criteria for prescribing antiviral therapy and such therapy was initiated at the discretion of the treating physician. Therefore, data regarding the efficacy of aerosolized ribavirin therapy were analyzed in a non-controlled manner. However, based on a recent experience in HSCT recipients, 16 carrying out a controlled randomized study to asses the efficacy of aerosolized ribavirin against RSV infection in leukemia patients will be impracticable and probably unfeasible.
In summary, RSV pneumonia in leukemia patients is associated with significant morbidity and mortality. Our data suggest that in some subsets of leukemia patients with RSV infection, the use of ribavirin when the RSV infection is still confined to the upper respiratory tract might prevent progression to pneumonia and death.
